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a)  2.5/ts;  b)  5/ts;  c)  18/?s;  d)  35A? 


\pfs 

0 

-rv-ij-sti-ft  —r-i*’-. . 

t  < 

f  i 

1 

!  : 

.y  .  ( 

III  .!  J 

i 

v_  . 

F* 

iM 

Hi 

Approved  for  public  release;  distribution  unlimited 


Laboratory  Telescope  Burn 
Patterns 
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Figure  2.  Cross-sectional  view  of  Myrabo  Laser  Lighter  aft,  Model  200-3/4:  The  maximum 
diameter  of  the  test  article  at  the  shroud  is  ~  10  cm.  The  indicated  ring  of  Delrin  weighs  ~  10  g 
and  has  a  volume  of~7  cm 3  and  a  surface  area  ~  25  cm2.  The1  idealized  maximum  plug  nozzle 
exit  area  is  ~  350 -cm2. 
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Overall  Energy  Conversion  in  Laser  Propulsion  Mission 
Ef  =  Vi  raf  vf2  =  t|  a  (3  y  5  E,vall 

T)  =  propulsion  efficiency  (jet  kinetic  energy  to  vehicle  kinetic  energy) 
a  =  expansion  efficiency  (internal  propellant  energy  to  jet  kinetic  energy) 

|3  —  absorption  efficiency  (laser  energy  at  vehicle  to  internal  propellant  energy) 
y  =  transmission  efficiency  (laser  energy  at  ground  to  laser  energy  at  vehicle) 

5  =  laser  efficiency  (electric  energy  to  laser  energy  at  ground) 

*****  Issue;  separability  of  r)  a  P  y  ***** 

“  $500  worth  of  electricity  to  put  1  kg  into  LEO.”  . 

At  $0. 10/KWH,  $500  buys  18,OOOMJ  (1  KWH  =  3.6  MJ);  1  kg  at  10  km/s  ->  Ef=50  MJ,  soriapyS  >  0.0028 

Phipps,  Reilly,  Campbell,  Laser  &  Particle  Beams  18  (2001)  661-695 
Pirri,  Monsler,  Nebolsine,  AIAA  Journal  12  (1974)  1254-1261 
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INSTANTANEOUS  PROPULSION  EFFICIENCY 
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Figures  of  Merit  for  Laser  Propulsion:  m/EjCt 

The  Constant  Specific  Impulse  Mission 
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MISSION  TIME  FOR  CONSTANT  SPECIFIC  IMPULSE  AND  CONSTANT  MOMENTUM  MISSIONS 
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Definitions  and  Energy  Conservation 


Propellant  Kinetic  Energy: 


Propellant  Impulse: 


Coupling  Coefficient: 
Energy  Conservation: 
Propellant  Internal  Energy: 


pr 
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Ep  =  '/2mp<Ve2>  =  a(3  EL  <  vc2  > = — 

I  dp 

Pc 

■  Pr 

Jd(pVe) 
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I  =  mp<ve>  <  vc> = — — 

I  dp 

Pc 

2a|3  -<ve>2  1_2aP<0 
<vc>L<Vc2>J  <vc> 


Propellant  with  added  chemical  energy,  Au :  (aP0)apparent  =  a<3>(  (3  +  mpAu/EL) 
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Coupling  coefficient  Cm  (Ns/MJ) 
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Maxw  ell  distribution  of  velocity  in  three  dimensions 
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Gaussian  distributions  of  velocity:  G(v)  =  1/(W  )«  exp  -{ (v-^/Zd2) 
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Laser  Lightcraft  Flights  w  ith  Air 
Model  200-3/4,  M  ■  0.04  kg,  10  kW  at  25  Hz,  400  J/pulse 


Conclusions 


When  P,ascr/m0  ~  0.05  MW/kg  small  payloads  (2  to  4  kg)  may  be  launched  into  low  earth  orbit, 
Av  ~  10,000  m/s. 

At  the  same  mass  fraction,  f  =  0.2,  m/Ejct  for  constant  momentum  mission  is  23%  greater  than 
for  constant  specific  impulse  mission. 

For  Av  =  10,000  m/s,  mo/Pjct  =  20  kg/MW,  f  =  0.2,  v0  =  0,  the  mission  time  for  constant  specific 
impulse  propulsion  is  ~  315  sec. 

For  Av  =  10,000  in/s,  m0/Pjct  =  20  kg/MW,  f  =  0.2,  v0  =  2000  m/s,  the  mission  time  lor  constant 
momentum  propulsion  is  ~  155  sec. 

At  the  same  m/Ejct  =  0.013  kg/MJ  and  Av,  f(constant  momentum)  =  0.35,  and  f(constailt 
specific  impulse)  =  0.20. 

Based  on  measured  I,  EL,  and  ablated  mass,  overall  energy  conversion  efficiencies  (laser 
energy  to  jet  kinetic  energy)  of  a.p  ~  50%  were  obtained  with  Delrin  propellant  in  the  laser 
Iightcraft 

Jet  exit  velocities  of- 2000  m/s  with  Delrin  (based  on  measured  mass)  and  -3000  m/s  with  air 
(based  on  estimated  mass). 
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the  coupling  coefficient  and  the  specific  impulse 
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Laser  Lightcraft  Flights  w  ith  Air:  h  =  1/2t2(CE,w/M-g)  =  1/2gf(T/W-1) 
Model  200-3/4,  M  =  0.04  kg,  10  kW  at  w  =25  Hz,  E^  =  400  J/pulse 


y  /  /  H 

-/  /A 

-  '  /+  "  'L 

S v  /  /  j 

1  *0  /  “ 

:cv7  i 

{■A 

'  /  A 

- 

-  /  A 

-/  ■■  -i 

L*  j/  ^ 

{  <v*  I  ~ 

1  / 4  -j 

'  /  Qd 

va 

r  .  A 

/  + 

L  _L_ 

T/W  2.55 


:  0s  ••  +  •••• . +' 

+  + 
. + . 

t>o*s  + 


-0.6 


coupling  coefficient  (Cr  Ns/MJ)  ^ 
Approved  for  public  release;  distribution  unlimited. 


:Mod^,^®5S3/¥llgil:bra^t  \Mth  Air  and  Delrin 
(V)  Deinn  With  tight  focus 

.  Q  Air  with  tight  focus 

-k  Air  with  loose  focus 


ItMth  Air  and  Delrin  Q:, . ••  • ; • 

ith  tight  focus  .  • 

tight  focus  . .1.. .. 

loose  focus  '■ 

. i- 0-Ov ■  • 

A1  A  o  ;  or 


Air  with  loose  focus 


Table  I  .  Normalized  absorption  volume  for  air  at  1 . 18  kg/m3  as  a 
function  of  interna!  energy  and  laser  energy. 
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Figure  16.  Process  representations  of  air  expansion  with  frozen  blowdown ,  as  in  Figure  15.  The  frozen 
ismiroptc  expansions  from  u  -  4e7  and  2e7Mg  and  1 . 18  kg/m3  to  1  atm  produce  exit  velocities  of 5000  and 
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EquBbrium  expansion  ,  pe*=  1.18  kgAn3  Equtlbrium  expansion  Pc  =  55kgftn3 


Figure  11.  Comparison  of  Equilibrium  expansion  front  laser  healed  STP  air  (1.18  kg/in9)  and  Mach  5  air  at  stagnation  density  (5.9  kg/m  ).  In  the 
STP  air  diagram  (on  left),  the  circles  and  nearby  crosses  represent  the  blowdown  quantities  obtained  from  initial  furu°J*  states  of2E3,  and  1E4  J/kg 
for  the  frozen  expansion  and  2E3,  6E3, 1E4,  and  4E4  kJ/kgfor  the  equilibrium  expansion. 
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